INTRODUCTION
Mannosylerythritol lipids MELs are glycolipid biosurfactants abundantly produced from renewable resources such as vegetable oils and sugars by yeast strains of the genus Pseudozyma 1, 2 and fungi of the genus Ustilago 3, 4 . MELs are one of the most promising biosurfactants 1, 5, 6 because they have excellent surface-active 7 and self-assembling properties 8, 9 , as well as versatile biochemical actions 1 . We recently demonstrated that MELs show a ceramide-like moisturizing activity toward human skin cells 10 , cell activating properties toward fi broblast and papilla cells 11 , and hair care properties 12 . Based on these functions, a MEL homologue MEL-B is now commercially available from TOYOBO Co., Ltd Osaka, Japan . Thus, MELs can be used as environmentally friendly surfactants and advanced biomaterials for cosmetic use.
MELs have 4-O-β-D-mannopyranosyl-erythritol as the hydrophilic domain and two fatty acyl groups at C-2' and C-3' in the mannose moiety as the hydrophobic domain. In addition, there are MEL homologues, namely MEL-A to D, with or without acetyl groups at the C-4' and/or C-6' positions. Our previous studies on the aqueous phase behaviors of MELs demonstrated that they spontaneously form lyo-For example, di-acetylated MEL-A forms a L 3 sponge phase at a wide range of concentrations 13 , while monoacetylated MEL-B 14 and deacetylated MEL-D 15, 16 form a lamellar L α phase at all concentrations. Thus, MELs are useful in various fi elds as a liquid crystal LC phase-and/or vesicle-forming lipid in water.
We have also investigated ternary MEL-A and -B/water/ n-decane systems 17, 18 . These studies revealed that MELs can be used to prepare water-in-oil W/O microemulsions and LC-based emulsions. Based on these observations, we investigated the phase behaviors of MEL homologues in various oily solutions. Our research on the phase behavior of the novel deacetylated MEL homologue MEL-D Fig. 1 showed that it forms micrometer-sized aggregates, different from other MELs in organic solvents. The observed MEL-D self-assemblies in organic solvents were hypothesized to be reverse vesicles 19 28 , which are reported to be formed in the case of some lipids or surfactants in a specified organic solvent system. Here, we report the characterization and forming conditions of MEL-D reverse vesicles.
EXPERIMENTAL

Materials
All reagents and solvents were commercially available and used as received. MEL-A 4-O-4',6'-di-O-acetyl-2',3'-di-O-alka e noyl-β-D-mannopyranosyl -2S,3R -erythritol was prepared from soybean oil by the yeast strain Pseudozyma antarctica T-34 in our laboratory, according to our previous study 13 . MEL-
,3S -erythritol was kindly supplied by TOYOBO Co., Ltd Osaka, Japan , which is registered as SurfMellow® . It was produced from olive oil by the yeast strain P. tsukubaensis NBRC 1940. Deacetylated MEL homologue MEL-D has not been obtained from microbial products 15 . Therefore,
-erythritol by hydrolysis of a MEL-B acetyl group, according to our previous study 15 .
MELs purified by silica gel column chromatography were used in the following experiments.
Characterization of MEL-D self-assemblies in decane
To prepare samples for the following experiments, MEL-D 15.5 mg was dissolved in the appropriate amount of MeOH-CHCl 3 mixed solution in a test tube. After the solvent was removed on a rotary evaporator, the tube was kept in a vacuum desiccator at room temperature for over 2 days to completely remove the solvent. Decane 5 mL was then added to MEL-D in the tube and vortexed for 3 min to obtain the 3.1 mg/mL ca. 5 mM MEL decane solution. When fluorescent microscopy was performed, 0.1 calcein aqueous solution 10 μL was added to the above solution as a fl uorescence probe.
Next, we observed MEL-D self-assembly in decane using polarized optical microscopy ECLIPSE E600, Nikon, Japan with crossed-polarizing filters equipped with a charge-coupled device camera DS-SM, Nikon, Japan and confocal laser scanning microscopy CLSM , LSM5 PASCAL Zeiss, Germany 15 .
Small-angle X-ray scattering SAXS data of the MEL-D aggregates in decane were recorded using a SAXSess camera Fa. Anton Paar, Graz, Austria mounted to a Philips PW 3830 X-ray generator with a Philips Long Fine Focus PW2773/00 Cu anode operated at 40 kV and 50 mA 15 .
Characterization of MEL-D self-assemblies in other oily solvents was performed by the same methods described above.
RESULTS
We prepared a 5 mM MEL-D decane solution, and performed visual inspection and observation using optical microscopy. The solution became cloudy, and white-turbid aggregates were precipitated in the solution after 1 week of static settling or a brief centrifugation Fig. 2a . This solution behavior was reversible by stirring and settling. Observation of the turbid MEL-D solution by differential interference contrast microscopy revealed that MEL-D selfassembles into hollow spherical particles. These aggregates were likely relatively large vesicles over 10 μm because Maltese crosses were observed by cross-polarized optical microscopy Fig. 2b . These aggregates were readily observed at a concentration below 10 mM. On the other hand, MEL-A and -B decane solutions were colorless and transparent, and no aggregates were observed below 10 mM.
To confi rm the self-assemblies of MEL-D in decane, we also observed them by confocal laser scanning microscopy using a fl uorescent probe. decane, and calcein was taken to the interior hydrophilic space of the bilayers. In addition, to confi rm the bilayer formation of MEL-D in decane, we performed SAXS measurement of white-turbid precipitates in the above MEL-D decane solution after 1 week of static settling. Figure 4 shows the scattering curve of the MEL-D aggregates. A typical SAXS pattern of the lamellar L α phase was obtained. The scattered intensity versus q showed the fi rst, second, and third Bragg refl ections with d-spacing ratios of 1:1/2:1/3. This demonstrated that MEL-D can be used as a lamellar-and reverse vesicle-forming lipid in decane.
We further examined the reverse vesicle formation of MEL-D in various oily solutions. We found that MEL-D spontaneously formed reverse vesicles without co-solvents and co-surfactants in a wide variety of organic solvents, such as n-alkanes C6, 7, 8, 10, 12, 14, and 16 , cyclohexane, squalane, squalene, and silicone oils KF-96A-6cs and KF-995, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan . On the other hand, no aggregates were observed for MEL-D in solutions such as chloroform, acetone, alcohol methanol, ethanol, propanol, hexanol, and octanol , fatty acid oleic acid, ethyl oleate , and 1-decene.
Reverse vesicles have potential as encapsulation materials 22 as well as new micro or nanostructures formed in nonaqueous systems. For example, the highly restricted twodimensional water channels within bilayers can trap guest molecules such as enzymes 20 
